Abstract Mixtures of coconut milk and gelatin solution were treated by ultrasound, mixed with maltodextrin and subsequently spray-dried to yield powder. The effects of ultrasonic power and sonication time on the microencapsulation efficiency (ME) and microencapsulation yield (MY) of coconut fat were investigated. The results indicated that increase in ultrasonic power from 0 to 5.68 W/g and in sonication time from 0 to 2.5 min augmented ME and MY of coconut fat. However, treatment with sonication power higher than 5.68 W/g led to a drop in fat ME and MY, mainly due to aggregation of fat particles and that blocked the adsorption of gelatin molecules on the particle surface.
Introduction
Coconut milk is an oil-in-water emulsion extracted from grated coconut meat with or without added water. This natural product is highly susceptible to microbiological, chemical and biochemical deterioration (Waisundara et al. 2007) . Therefore, over the years, many attempts have been done to extend shelflife of coconut milk. One of the best methods for the preservation of coconut milk is spray-drying to yield powder (Seow and Gwee 1997) .
According to Gharsallaoui et al. (2007) , spray-drying, a process of microencapsulation, has been used for decades to microencapsulate food ingredients such as flavours, lipids, and carotenoids (core materials). Microencapsulation by spray drying consists of three basic steps: preparation of the emulsion; homogenization of the emulsion; and atomization of food material into the drying chamber. These authors reported that the first two steps significantly affected the microencapsulation of the core materials.
The first step is the formation of a fine and stable emulsion of the core material in the wall solution. The mixture is prepared by dispersing the core material into a solution of the coating agents (Gharsallaoui et al. 2007 ). The first coating agents used in the production of coconut milk powder were decaglycerol monostearate, sodium caseinate, and dextrin (Seow and Gwee 1997) . Other coating agents such as maltodextrin, casein or skim milk, and/or corn syrup were also used for fat microencapsulation during the spray-drying (Seow and Gwee 1997) . Recently, the use of gelatin as wall material for phospholipid microencapsulation by spray drying has attracted considerable interest (Bruschi et al. 2003; Gharsallaoui et al. 2007; Vinetsky and Magdassi 1997; Yoshii et al. 2001) . Gelatin, a water-soluble material, has all the properties of an effective entrapping agent: high emulsifying activity, high stabilizing activity, and high tendency to form a fine dense network upon drying (Gharsallaoui et al. 2007 ). Furthermore, gelatin has the ability to stimulate the early formation of the surface crust, which prevents the loss of core material during spray drying (Gharsallaoui et al. 2007; Yoshii et al. 2001) . However, gelatin has not been used for the spray drying of coconut milk yet.
In the second step, the emulsion is homogenized by high pressure or ultrasound to obtain the uniform and small fat droplets. The particle size distribution (PSD) of fat droplets plays an important role in the stability of emulsion (Jena and Das 2006) and in the microencapsulation efficiency by spray drying (Gharsallaoui et al. 2007 ). High pressure homogenization is a method of choice commonly used in many researches for enhancing the stability of coconut milk emulsion (Chiewchan et al. 2006; Coupland 2008, 2009 ) and for preparing stable emulsion before spray-drying (Hogan et al. 2001; Liu et al. 2001; Yoshii et al. 2001) . Recently, the use of ultrasound for homogenization of oil in water emulsion has attracted considerable attention (Kentish et al. 2008; Leong et al. 2011 ). In addition, ultrasound had a very good homogenization effect at high power levels compared with high pressure homogenization (Wu et al. 2000) . In case of coconut milk emulsion, the modeling of particle size distribution of sonicated coconut milk emulsion was investigated by Jena and Das (2006) and the results showed that suitable sonication time reduced the fat droplet size.
Until now, application of ultrasound to fat microencapsulation in the production of instant coconut milk powder has not been clearly considered. Therefore, this work was aimed to investigate the effects of sonication variables on the ME and MY of coconut fat using gelatin and maltodextrin as emulsifiers. In addition, the information obtained from this work would give a clearer understanding of phenomena that happen during the ultrasonic process of coconut milk as well as other oil-in-water emulsions.
Materials and methods

Materials
Grated coconut meat was purchased from a local market in Ben Tre, Vietnam. Wall materials used in this study included gelatin and maltodextrin. Gelatin (Bloom: 150) was originated from Gelita Australia Pty Ltd (Australia) and Maltodextrin (Dextrose equivalent: 18) was purchased from Qinhuangdao Lihua Starch Co., Ltd (China). Solvents and chemicals were obtained from Guangzhou Jinhuada Chemical Reagent Co., Ltd (China).
Experimentation
Grated coconut meat was mixed with water at a weight ratio of 1:1. Subsequently, the mixture was heated to 50°C for 10 min, filtered through a cheesecloth and pressed to extract coconut milk. Samples of the coconut milk were collected for further analysis. In this experiment, the solid content (% w/w) and total fat content (% w/w) of coconut milk were 19.54±0.19 and 14.66±0.25 respectively.
Emulsifier solutions were prepared as follows:
& 10 % (w/w) gelatin solution was obtained by dissolving gelatin in distilled water, stirring at 750 rpm, and heating at 50°C for 6 h. & 10 % (w/w) maltodextrin solution was obtained by dissolving maltodextrin in distilled water, stirring at 750 rpm, and room temperature for 1 h.
The emulsifier solutions were then filtered through a cheesecloth to ensure that all undissolved particles were eliminated.
Effect of ultrasonic power on ME and MY of coconut fat Mixture of coconut milk and gelatin solution was homogenized by a Model VC 750 ultrasonic probe (Sonics & Materials Inc., USA) at different power levels (2.27-6.82 W/ g) for 2.5 min. Samples were taken from the obtained emulsions for further analysis. The sonicated emulsions were then mixed with maltodextrin solution and stirred by a magnetic stirrer at 750 rpm for 30 min. Our preliminary investigations (unpublished data) showed that a core (gelatin) to wall ratio (w/w) of 7.5/10 and a gelatin to maltodextrin ratio (w/w) of 4:1 were the appropriate conditions for the microencapsulation of coconut fat. These ratios were therefore chosen to carry out all experiments in this study. The solid concentration of the resultant emulsion was adjusted to 15 % (w/w) by adding distilled water. The final emulsion was spray dried by a Mobile Minor-Model E spray-drier (Niro A/S, Denmark). The spray-drier was equipped with a chamber with dimensions of 0.8 m diameter and 0.6 m height, a centrifugal atomizer, a cyclone separator and an exhaust blower. The emulsion was fed into the chamber at the rate of 22.9 mL/ min by a 505S peristaltic pump (Matson-Marlow, England). The drying took place with an air inlet temperature of 160°C, outlet temperature of 42°C and an air pressure of 0.35 MPa at the atomizer. Control samples without ultrasonic treatment were also carried out. The powder of each run was collected for further analysis.
Effect of sonication time on ME and MY of coconut fat In this experiment, the mixture of coconut milk and gelatin solution was homogenized by ultrasound at a suitable value of sonication power obtained from the experiment in previous section. Sonication time was varied between 0.5 and 3 min. The following steps were similar to those in section "Effect of ultrasonic power on ME and MY of coconut fat". Control samples without ultrasonic treatments were also carried out.
The sonicated emulsion and powder of each run were sampled for further analysis.
Determination of solid content and total fat content of coconut milk emulsion Solid content of coconut milk emulsion was determined by drying at 130±3°C until constant weight (Lakshanasomya et al. 2011) .
The total fat content of coconut milk emulsion was determined by using a method proposed by Lakshanasomya et al. (2011) . Ten milliliters of coconut milk emulsion was taken into the fat extraction flask for analysis. Firstly, 1.5 ml of ammonium hydroxide was added and mixed followed by 10 ml of alcohol (95 %) and the contents were again well mixed. Secondly, 25 ml diethyl ether was added to the flask, then it was shook vigorously for 1 min. Finally, 25 ml of light petroleum ether (b.p. 40-60°C) was added and the flask was shook vigorously for 1 min. After separation was complete, the fat solution was transferred into a petri dish and the petri dish was dried at 102±2°C for 1 h and weighed. The total fat content was calculated as the difference between weight of petri dish with fat and weight of initial petri dish.
Determination of surface fat content, encapsulated fat content, and total fat content of coconut milk powder
The fat on the surface of coconut milk powder particles was determined by a method described by Jafari et al. (2008) . One gram of coconut milk powder was accurately weighed into the extraction flask. Subsequently, 25 ml of petroleum ether (b.p. 40-60°C) was added and the mixture was shook vigorously for 10 min. The mixture was then filtered through a cloth. The filtrate was transferred into the petri dish, dried at 102±2°C for 1 h and weighed. The surface fat content was calculated as the difference between weight of petri dish with fat and weight of initial petri dish.
The total fat content of coconut milk powder was determined by using a method described by Lakshanasomya et al. (2011) . One gram of coconut milk powder was accurately weighed into the fat extraction flask. Water was added to complete the volume to 10 ml and mixed. The total fat content in the emulsion was then determined similarly to the process in section "Determination of solid content and total fat content of coconut milk emulsion" . The encapsulated fat content was calculated as a difference of the total fat content and the surface fat content of the powder obtained.
Microencapsulation efficiency (ME) and microencapsulation yield (MY) of coconut fat ME and MY were calculated by formulas reported by Shu et al. (2006) . ME was defined as a ratio between the mass of the encapsulated fat and the mass of the total fat in the coconut milk powder.
MY was defined as a ratio between the mass of the total fat of the coconut milk powder and the mass of the total fat of the emulsion before spray drying.
Scanning electron microscopy (SEM) of coconut milk powder
The powder sample was placed on one surface of a doublefaced adhesive tape and coated with gold by using an ioncoater E-102 (Hitachi-Japan). The S-4800 model scanning electron microscope (Hitachi, Japan) was used to study the outer surface of the coconut milk powder. The examination was operated at an accelerating voltage of 2 kV. The S-4800 software (Hitachi, Japan) was used to present the micrographs of the powder microstructure.
PSD of coconut milk emulsion
Particle size distributions of raw and homogenized coconut milk emulsion were assessed by using a Model LA 920 laser diffraction particle analyzer (Horiba, Japan). Samples were diluted to approximately 0.005 wt% in an effort to avoid multiple scattering effect. The average particle size was calculated as a volume mean diameter, or d 43 (d 43 
) (Tangsuphoom and Coupland 2008) where n i is the number of the droplets of diameter D i .
Statistical analysis
All experiments were performed in triplicate. Mean values were considered significantly different when P<0.05. OneWay analysis of variance was performed using the software Statgraphics Centurion XV. Fig. 2 Effect of sonication power on fat particle size distribution of sonicated coconut milk emulsions: 3.41 W/g (black square) and 6.82 W/g (black triangle) and control (0 W/g, black diamond)
Results and discussion
Effect of ultrasonic power on ME and MY of coconut fat
The results in Fig. 1 demonstrate that the ME and MY reached the highest level when the sonication power was between 3.41 and 5.68 W/g, then decreased when the ultrasonic power was higher than 5.68 W/g. The reasons for these changes can be explained through the effects of ultrasonic power on PSD of coconut milk emulsion. PSD of the sonicated coconut milk (treated at 3.41 W/g and 6.82 W/g) and non-sonicated coconut milk was evaluated. Emulsion without sonication exhibited a trimodal distribution as shown in Fig. 2 . By contrast, emulsion sonicated at 3.41 W/g had a monomodal distribution. An interesting result from Fig. 2 was that emulsion homogenized at 6.82 W/g (the highest applied power) had a bimodal distribution.
The application of low frequency ultrasound is known to cause acoustic cavitation which plays an important role in the reduction of primary droplets of oil-in-water emulsion (Kentish et al. 2008) . Therefore, it would be expected that increase in ultrasonic power would improve the amount of shear force that breaks up primary droplets into the smaller ones. However, the high mean particle size (d 43 ≈9.7 μm) was obtained in the emulsion homogenized at the highest power level (6.82 W/g). By contrast, emulsion homogenized at 3.41 W/g had the smallest particle size (d 43 ≈ 6 μm). Decrease in particle size lead to increase in surface area of fat particle where gelatin molecules adsorb on. As a consequence, ME and MY of coconut fat increased when fat droplet size decreased.
Based on the results obtained, we proposed a hypothesis about the effects of sonication power on ME and MY of coconut fat. Small droplet size was reported to prevent flocculation of the droplets (Tadros 2005) . Consequently, decrease in particle size will facilitate the adsorption of gelatin on the droplet surface. As a result, ME and MY increased. However, when the sonication power reached the "over-processing" levels, the coalescence of droplets enhanced the formation of bigger droplets or "aggregates" with higher diameter. Consequently, the adsorption of gelatin on the newly formed droplet interface was obstructed. In this case, we supposed that gelatin molecules just partially adsorbed on the droplet surface. As a consequence, microencapsulation efficiency of gelatin declined. In all experiments, sonicated coconut milk with gelatin was added with maltodextrin before spray-dried to yield powder. Suitable concentration of maltodextrin was believed to decrease the number of cracks on the surface of powder particles (Sheu and Rosenberg 1998) . ME and MY of coconut fat were therefore enhanced. A convincing result that strongly supported our hypothesis was that powder particles in SEM pictures from 6.82 W/g sonicated and non-sonicated emulsions appeared agglomerated (Fig. 3) . This phenomenon was probably due to the formation of "aggregates". The aggregates of fat droplets in the emulsion could result in the formation of aggregates of particles in the powder obtained. By contrast, few agglomerated particles were observed in SEM picture of the powder from 3.41 W/g ultrasonic emulsion. According to Hogan et al. (2001) the powder particles that appeared highly agglomerated had the high level of surface fat content. Effect of sonication time on fat particle size distribution of coconut milk with gelatin emulsions: 0 min (control sample) (black diamond), 1 min (black square), 2 min (black triangle), 2.5 min (x) and 3 min (+) (The ultrasonic power was 3.41 W/g) Therefore, coconut milk powder that exhibited aggregated particles had low ME and MY of coconut fat. A similar trend between droplet size and applied sonication power has been observed by Jafari et al. (2008) and Kentish et al. (2008) who homogenized the internal phase of fish oil and flax seed oil with the emulsifiers of proteins and Tween 40, respectively. These studies showed that when the ultrasonic power reached an "over-processing" level, droplet aggregation was enhanced. Generally, ultrasound increases ME and MYof fat when the ultrasonic power lower than the "overprocessing" level. Very high ultrasonic power decreases ME and MY of fat.
Effect of sonication time on ME and MY of coconut fat Figure 4 shows that prolongation of sonication time resulted in the increase in ME and MY of coconut fat. The sonication time of 2.5 min was suitable for coconut fat microencapsulation, in which ME and MY of the treated samples increased 22.6 % and 24.0 % respectively as compared to ME and MY of the non-treated samples. Treatment with longer time did not significantly increase ME and MY of coconut fat.
In order to clearly understand the effects of sonication time on ME and MY of coconut fat, we determined the PSD of coconut milk emulsion treated at 3.41 W/g with different sonication times: 0 min (control sample), 1 min, 2 min, 2.5 min and 3 min. As shown in Fig. 5 , coconut milk treated at 2, 2.5 and 3 min had a monomodal distribution. By contrast, non-treated and 1 min treated coconut milk with gelatin emulsion had a trimodal and bimodal distribution, respectively. The average particle size (D 43 ) of the non-treated, 1 min, 2 min, 2.5 min, 3 min treated coconut milk were 10.3, 7.6, 7.4, 6.2 and 6.0 μm, respectively. Similar trend between sonication time and droplet size reduction was observed by Jena and Das (2006) for coconut fat microencapsulated by gum acacia and maltodextrin. As a result of droplet size reduction, ME and MY increased when sonication time increased.
Conclusion
Ultrasonic treatment increased ME and MYof coconut fat due to its ability to break fat droplets into smaller size droplets. ME and MY reached the highest levels when the sonication power increased from 3.41 to 5.68 W/g. However, when the sonication power increased from 5.68 to 6.82 w/g, the formation of "aggregates" with high diameter blocked the adsorption of gelatin on particle surface and that led to a drop in MY and MY of coconut milk fat. Suitable sonication time for coconut fat microencapsulation was 2.5 min.
